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Introduction

Abstract

Interest
in the reaction of collagen with
tannic acid/glutaraldehyde
is twofold.
(i) Tannie
acid/glutaraldehyde
fixatives
are widely used in
electron microscopy and in a range of histological
applications
(11,13,17,36,44,46,58).
(ii) Mixtures of tannic acid and glutaraldehyde
are
employed in the leather industry to cure animal
hides; the treatment
imparts mechanical strength
as well as resistance
to deterioration
(20,21,
47).
Although their chemical reactions
have been
extensively
studied (1,6,12,24-26,
32,41,50-52,59,61)
little
is known about the
effects
of these fixatives
on the structure
of
proteins
(5,16,33,38).
The characteristic
banding pattern of
collagen fibrils
observed in the transmission
electron microscope arises from the aggregation
of
molecular collagen in regularly--staggered
parallel
array (8,9,27,40).
Following steining
with heavy
metal anions end/or cations,
each fibril
period, D
(of length 67 nm in the native state and embracing
234 residue spacings) contains 11-12 dark bands.
The uptake of stain is due to the greater
abundance of charged amino acid side-chains
in the
band regions,
compared with predominantly
hydrophobic side-chains
in the non-staining
interband regions.
On assembly, charged regions
tend to associate
with charged regions,
hydrophobic with hydrophobic.
Knowledge of the
complete amino acid sequences of the al and a2
chains allows the relative
positioning
of the
molecules in a fibril
to be established
to within
one residue spacing so that the amino acid content
of each band is known ( 10, 15, 40, 60).
The architecture
of the collagen fibril,
with
known charged residues occurring in bands makes it
a particularly
suitable
protein for investigating
the effects
of fixatives.
By comparing sequence
data with electron-optical
data from positively
stained fibrils
we can demonstrate which residues
fail to take up stain after the collagen has been
cross-·linked.
We also show that these residues
are not confined to those reacting with the
fixatives.

Electron-optical
examination of reconstituted
collagen fibrils
fixed with tannic acid and/or
glutaraldehyde
and positively
stained with heavy
metal anions and cations reveals distinct
changes
in the high resolution
staining
patterns
seen in
TEM. Correlation
with the known sequence data
demonstrates
that these changes are caused by (a)
interaction
of the fixative
with certain charged
groups in the collagen and (b) localized
stainexclusion effects
following fixation.
We have
analysed the positive
and negative staining
patterns
from glutaraldehyde-treated
collagen in
detail.
In positive
staining,
uptake of staining
ions is shown to be inhibited
not only at residues
known to interact
with glutaraldehyde
(lysyl,
hydroxylysyl
and probably histidyl
side-chains)
but also on other charged residues
in the
immedi ate neighbourhood of the glutaraldehyde-react ive residues.
This 'stain exclusion'effect
presumably caused by the presence of bulky
polymeric complexes of glutaraldehyde
molecules at
cross-linking
sites,
accounts for the drastic
changes in negative staining
patterns
following
fixation.
The effect seems to be amplified
if
both tannic acid and glutaraldehyde
are used to
fix the specimen.
The bulky complexes of
glutaraldehyde
(and presumably tannic acid, if
used) produce an altered mass distribution
along
the collagen fibrils
before dehydration
for
electron microscopy.
This gives rise to the
observable
intensity
differences
in the low-angle
meridional
X-ray diffraction
patterns
from moist
fixed and unfixed tendons.
Although collagen was
used as a model system for these studies,
the
results
should be relevant wherever glutaraldehyde
and/or tannic acid are used to preserve biological
tissues.
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Materials

2.5% glutaraldehyde
solution and then stained
positively
with phosphotungstic
acid (PTA) and
uranyl acetate
(UA) shows the fibril
band pattern
in Fig. lb.
For comparison, Fig. la is the
pattern from unfixed collagen.
The D-periodic
distribution
of dark staining
bands shows the
regions rich in charged residues
(8,40).
Readily
observable changes occur after fixation,
in
particular
to bands a1 and e2 which are more
clearly defined and relatively
more intense after
fixation
(3,4).
This effect is a direct response
to the glutaraldehyde
treatment and occurs
whatever stain is used to achieve contrast
(see
for example Fig. le).
Bands a1 and e2 are
probably not stained more heavily after fixation
it is more likely that a reduction in intensity
of
the rest of the pattern occurs.
Careful
measurement of band positions
from averaged
microdensitometric
traces shows other changes:
band a1 is closer to e2 (by about 1 nm) after
glutaraldehyde
treatment and, to a lesser extent,
c2 is closer to d (42).
Tannie acid alters the positive staining
behaviour of collagen even more noticeably
(Fig.
2a), particularly
if a higher pH is employed, in
which case stain ions are bound in the gap zone,
to a greater extent than in the overlap zone (Fig.
2b).
This gives rise to a pattern which resembles
negative staining more closely than positive
staining.
When both glutaraldehyde
and tannic
acid are used (at pH 7.0), either together or
sequentially,
the positive
staining pattern is
even more dramatically
altered,
with the charged
residues in the overlap region now almost
completely inaccessible
to PTA (Fig. 3b).
Since most positive
staining
results
from
charge-charge
interactions,
it is important to
ascertain
to what extent these changes are caused
by interactions
between the fixatives
and charged
amino acid side-chains
in the protein.
Of course
the choice of stain used will be of importance not
only because smaller stain ions will penetrate
tissues more easily but also because some stains
(e.g. uranyl acetate)
will bind to certain
fixatives
(e.g.
tannic acid) as well as to charged
groups on the protein (44).
Whilst uranyl acetate
has been shown to contain both anions and cations
in solution
(55), tungstate
and phosphotungstate
ions at pH 7.0 are negatively
charged and bind to
positive
side-chains
on collagen and probably on
other proteins also (56).
Where positively
charged side-chains
are involved in the
interaction
with fixatives
we can utilize
the
specificity
of phosphotungstate
ions to obtain a
rapid indication
of which amino acid residues are
cross-linked.
Cationic side-chains
on proteins
react with many common fixatives
including
glutaraldehyde
(39), formaldehyde (34),
suberimidate
(57) and tannic acid (41).

and Meth~~_§._

Collagen fibrils,
reconstituted
from acid
solutions
of purified calf-skin
collagen,
were
prepared for electron microscopy as described
previously
(8,40).
Fibrils
were deposited onto
carbon support films and, whilst still
wet, were
floated face-down onto fixative
solutions
(i)
0.25% tannic acid (Sigma Chemical Co.) pH 3.5,
(ii) 2.5% tannic acid in phosphate buffer,
pH 7.0,
(iii)
2.5% glutaraldehyde
(E.M. Aids Ltd.,
Bristol)
in phosphate buffer,
(I= 0.28, pH= 7.0)
(14,28).
Fixation was carried out at 4"C for 24
hours (54).
After washing with distilled
water
(or (iii)
with phosphate buffer),
specimens were
stained positively
or negatively.
Positive
staining
was either with 1% phosphotungstic
acid
(PTA) solution,
pH 3.0 or 1% uranyl acetate
(UA)
solution,
pH 4.2 or both sequentially.
After a
final washing in distilled
water, the grids were
air-dried.
Negative staining was with 1% PTA
raised to pH 7.0 by addition of NaOH. The grids
were blotted dry without final washing.
Electron
micrographs were taken on a JEOL JEM 100-B
instrument and were scanned with a Joyce Loebl
automatic double beam recording microdensitometer,
Mark lllCS.
From any one sample, traces from
about 50 D-periods were averaged to yield a mean
densitometric
trace for that sample (9).
Sequence data were processed as described
earlier
(9,40).
Histograms representing
the axial
distribution
of selected amino acid residues along
the fibril
were generated from the sequence by
assigning
numerical weights, W, to the charged
residues
(for non-·charged residues W = 0) and
staggering
five sequences by Das suggested by the
packing model of Hodge and Petruska (27).
D was
taken as 234 residue spacings (40).
Data were
smoothed by convolution with a square pulse'
function of width 9 residue spacings.
The linear
correlation
coefficient,
r, between the
sequence-generated
histogram and the average
densitometric
trace was then calculated.
By
altering
the weightings assigned to the charged
residues
(lys, hyl, arl{, his) and monitoring the
corresponding
changes in r, the residues which are
unable to take up stain after fixation were
identified.
Low angle meridional X-ray data were taken
from the literature
(30,31,53).
A difference
axial electron density profile
(above water
background) was calculated
using:
1

Llp(u) =L[(I (h)nxp(i8 (h))-S( lu(h)) 'txp(i8u(h))]exp(-2nhu)
h

9

9

(1)

where lg and Iu are the integrated
X-ray
intensities
from glutaraldehyde-treated
and
untreated
tendons respectively,
e are the phases,
u is the axial co-ordinate
specifying
vector
lengths as fractions
of the D-period, his
the
order of the reflection
and Sis a scaling
factor.
The scaling of experimental
data and
other 0.xperi.rncntnl protocols
are described more
fully elsewhere (42,43).
Results
Positive
Staining
Reconstituted

Interpretation
of Positive
Staining Patterns:
Effects of Fixative-stain
Interactions
We have seen that positive
stain uptake can
be greatly altered depending on which charged
groups remain after the tissue has been chemically
fixed.
Fig. 4a shows the distribution
of
phosphotu.~gstate
ions in collcgcn which has not
been cross-linked.
This distribution
correlates
with the positions
of positively
charged amino

and Di.scuss ion
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Figure 2a
tannic acid,
PTA and UA.
fi.gY.re 2b
tannic acid,
PTA and UA.
(0) and gap

Collagen fibril
treated with 0.25%
pH 3.5, and positively
stained with
Collagen fibril
treated with 2.5%
pH 7.0, and positively
stained with
One D-period containing
the overlap
(G) is indicated.

•overlap---gapFigure la
Collagen fibril
positively
stained
with PTA and UA (see Methods).
Bands are labelled
using conventional
notation.
Figure lb
Collagen fibril
treated with 2.5%
glutaraldehyde,
pH 7.0 and then positively
stained
as above.
figure 1~
Collagen fibril
treated with 2.5%
glutaraldehyde,
pH 7.0 and positively
stained with
ammonium tungstate
and uranyl acetate.
The periodicity
mately
67 nm.

Din

all

micrographs

is

approxi-

acids along the fibril
(Fig. 4d) (56).
Note in
particular
the staining
of the a-bands, which
closely resembles that predicted
from the sequence
data.
Fig. 4b shows the distribution
of the same
stain in collagen treated with glutaraldehyde.
Optimum correlation
is found with the positions
of
arginine
residues (Fig. 4e) only, which suggests
that lysine, hydroxylysine
and histidine
are no
longer able to bind stain.
A relatively
high
concentration
of arginine occurs in bands e1, e2,
a1 and between c1 and c2; these bands are indeed
more heavily stained (compared to the others)
after glutaraldehyde
fixation.
In comparing Figs.
4b and 4e it is interesting
to note that the bands
in the overlap region (c1 to a3) are less heavily
stained
than predicted
from the sequence whereas
those in the gap (a2 to c2) are more heavily
stained.
This effect,
also observed after PTA/UA
staining
of glutaraldehyde
fixed collagen (42),
probably refl ec:ts a reduced accessibi 1i ty of stain
into the more tightly
cross-linked
overlap zone.
The unavailability
of lysine, hydroxylysine
and
histidine
charges after glutaraldehyde
treatment
accords with the chemical evidence which
implicates
the e:-amino groups of 1ys and hy1 and
the imidazole ring of his in the formation of
cross-links
(6,22,45).

Figur~ 3a
Collagen fibril
positively
stained
with PTA (see Methods).
Figure 3b
Collagen fibril
treated with 2.5%
tannic acid, pH 7.0 followed by 2.5%
glutaraldehyde,
pH 7.0 and then positively
stained
with PTA. One D-period containing
the overlap (0)
and gap (G) is indicated.

In some cases, fixative-protein
interactions
can be more complicated and may alter staining
patterns
in unpredictable
ways. Tannie acid is
one example.
The tannic acid molecule
(hepta-nona-0-galloyl-D-glucose)
is a
multifunctional
mordant capable of a number of
different.
interactions
with tissue components
(26,51,52,59).
Tannie acid has a high affinity
for collagen and for this reason it has been used
to cure leather since Roman times.
Because it
carries
a negative charge there should be little
reaction between tannic acid and phosphotungstate
ions.

65

K.M. Meek and J.A.

a

Chapman

d

b
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Fig. 4c shows the averaged distribution
of
phosphotungstate
stain from collagen treated with
tannic acid at low pH (method (i)).
Comparison
with a range of profiles
of different
combinations
of charged amino acids surprisingly
showed best
agreement with lysine, hydroxylysine and histidine
(Fig. 4f).
This observation
led us to propose
that under these conditions
the fixative binds
preferentially
to arginine residues,
a fact later
confirmed by electrophoresis
of tannic
acid-treated
polyamino acids (41).

!.!.Jrnre 4
Averaged microdensitometric
traces
from PTA-stained collagen fibrils
(a,b,c) compared
with selected sequence-generated
charge
distributions
(d,e,f).
The collagen used to
obtain a,b and c was treated as follows before
staining,
(a) unfixed, (b) fixed with 2.5%
glutaraldehyde,
pH 7.0, (c) fixed with 0.25%
tannic acid, pH 3.5.
The charge distributions
in
d,e and f were obtained using the following
weightings,
(d) WJys = Whyl = Whis = W8 rg = +l,
other~ = 0, ~e) W8 rg_ = +l~ others = 0, (f) WJys =
Whyl - Whis - +l, others - 0.

Interpretation
of Positive Staining Patterns:
Effects of Stain Accessibility
The comparison between the averaged staining
(PTA/UA) from unfixed collagen with the
distribution
of cationic and anionic aitea along
the fibril
(computed from the amino acid sequence)
yielded a high correlation,
runfixed = 0.93 (40).
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When the same comparison was carried out using
glutaraldehyde-treated
collagen,
the coefficient
rfixed fell to 0.72.
A reduction in r is
expected, since glutaraldehyde
reacts with most of
the lys and hyl residues thus preventing
them from
contributing
to the staining
pattern.
Accordingly, when lysines and hydroxylysines
were
zero-rated
when calculating
the charge profile
for
the fibril,
rfixed rose to 0.80.
This value still
falls short of that obtained without fixation.
The reason for this became obvious when we
compared not only the relative
intensities
of the
staining bands but also their axial positions.
A
superposition
of the mean densitometric
trace from
glutaraldehyde-treated
collagen and the
sequence-generated
charge distribution
(WJys =
Whyl = 0) revealed that the position of certain
peaks failed to match precisely
(39).
Most
noticeably,
band a1 was closer to band e2 by about
1 nm. This could arise from non-uniform
contraction
of the fibril
following fixation,
although an alternative
explanation
has been
presented (42) and is reproduced in Fig. 5.
A number of workers have reported that
glutaraldehyde
bridges quite large gaps due to
polymerization
of the fixative
(2,6,29,48,50).
For collagen,
it is estimated that cross-links
contain 2 lysines linked by 3 or 4 glutaraldehydes
(6,37).
A similar
value was found for wool (23).
Fig. 5 displays
the set of D-staggered
triple-chain
sequences near bands e2 - a1 where
the greatest
differences
are found in the positive
staining pattern after glutaraldehyde
fixation.
The charge-rich
regions are enclosed by rectangles
and the corresponding
staining bands are
identified.
Fig. 5b shows the sum of charged
residues using weights W = +l for lys, hyl, ar--g,
asp and glu and putting W = 0 for all others.
This unsmoothed histogram confirms the charge-rich
nature of the staining bands.
The black areas in
the histogram give the distribution
of lys, hyl
and his only (WJys = Whyl = Whis = +l).
From the
foregoing discussion,
this histogram should
correspond to the distribution
of glutaraldehyde
after fixation,
and at each of these sites bulky
polymeric cross-links
(MWabout 800) will
therefore
be expected.
The presence of this
material will inhibit
stain uptake at the reactive
lys, hyl or his.
However, because of its size, it
may also prevent access of stain ions to
neighbouring
Brlf, glu, etc.
In order to take account of the
stain-excluding
effect expected in the region of
cross-linking
sites,
we have produced the
histogram in Fig. 5c (W8 rg=Wg1irWasp=+l;
W1~Why1=Whis=-l; others=
0).
The negative
weightings are intended to take into account the
reduction of stain penetration
caused by
glutaraldehyde
oligomers located at these residue
positions.
In this figure we have simulated the
positive
staining
expected if stain is excluded
not only at lys, hyl and his but at sll charges
nearby.
a1 and e2 profiles
sharpen considerably
and the centre of gravity of a1 shifts towards e2
by about 0.9 nm. In contrast,
a2 and e1
experience
little
movement. Thus band-shifting
may be explained by localized
reduction in stain
penetration
caused by bulky glutaraldehyde
oligomers.
When the whole D-period is considered,

Interactions

using a range of negative values for the lys, hyl
and his weightings,
other changes in the positive
staining
pattern may be similarly
explained (42).
Negative Staining Patterns
Unfixed collagen negatively
stained with
phosphotungstate
shows the D-periodicity
divided
into two zones, a stain-penetrating
gap zone and
a stain-excluding
overlap zone. Superimposed on
this pattern are weaker stain-excluding
regions
which were recently explained in terms of the
bulkiness
(defined as volume/length)
of the amino
acids in different
parts of the structure
(35;
Chapman, J.A. and Tzaphlidou, M., unpublished).
It has been known for some time that this pattern
is altered
if the collagen is treated with
glutaraldehyde
before negative staining
(4,19).
These changes are illustrated
in Fig. 6a. The
overlap/gap
structure
is present before (dotted
line) and after (full line) glutaraldehyde
treatment but the ratio of gap to overlap appears
to decrease due to extra stain exclusion near the
C-terminus.
This region is referred
to as GLl and
occurs where lysine and hydroxylysine
residues are
abundant (see Fig. 5a).
In addition,
a series of
stain-excluding
white bands is superimposed on the
gap/overlap
pattern,
one of which is particularly
conspicuous as it appears to split the gap zone
into two unequal segments (GL2 band).
These bands
do not, in general, coincide with the sites of
bulky amino acids represented
by the peaks in the
curve from unfixed collagen (dotted line).
Fig. 6b shows the distribution
of lys + hyl +
his residues computed from the sequence.
The
agreement between peaks in this distribution
and
regions of stain-exclusion
after glutaraldehyde
treatment confirms the presence of polymeric
cross-links.
The size of these cross-links
is
sufficient
to swamp the contribution
to
stain-exclusion
from bulky amino acids.
Glutaraldehyde
Cross-links
Located Using X-ray
Diffraction
In order to see to what extent steric
hindrance to stain penetration
results
from axial
mass changes in the wet specimens, we have
examined the low angle meridional X-ray
diffraction
intensities
from fixed and unfixed
collagen.
These data may be used to compute the
axial distribution
of electron density (above
water background) of glutaraldehyde-fixed
and
unfixed collagen.
By subtraction
(equation 1) the
sites of fixation may then be located.
Intensity
data from fixed, lg, and unfixed lu tendons were
taken from the literature
(30,53).
Phases for
glutaraldehyde-fixed,
~g, and unfixed,~.
collagen have also been published (31,43).
The difference
electron density (Fig. 7a)
shows how the axial distribution
of matter is
altered by glutaraldehyde
fixation.
Peaks
indicate where density is increased due to the
presence of glutaraldehyde
cross-links.
Below
(Fig. 7b) we repeat the distribution
of lys, hyl,
his shown in Fig. 6b. The close similarity
confirms that sizable local increases
in electron
density occur at cross-linked
sites in the wet
specimen, presumably due to the presence of bulky
glutaraldehyde
complexes there.
There is no
indication
of non-uniform axial contraction.
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Conclusions

proteins.
Our results
demonstrate that stained
images of fixed material
should be examined with
some care or incorrect
interpretations
are likely
to be made. For example, glutaraldehyde-induced
shifting
of positive staining bands is not due to
non-uniform contraction
of the structure.
Nor
indeed does fixation
preserve a strained
conformation which would otherwise be lost.

The detailed knowledge of both axial
structure
and amino acid sequence makes the
collagen fibril
an excellent
model from which to
study the effects of fixatives
and stains.
In
addition,
the relative
specificity
of tungstate
and phosphotungstate
ions may be used to identify
reactions
between fixatives
and cationic
groups on
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Figure 5
Interpretation
of the
glutaraldehyde-modified
positive
staining
pattern
in the a2 - a1 - e2 - e1 region.
(a) displays,
in
this region only, the set of D--staggered
triple-chain
molecular sequences.
Regions rich in
charged residues
(heavier print),
giving rise to
positive
staining bands in unfixed collagen,
are
enclosed in elongated rectangles.
The
C-telopeptide,
assumed to be contracted
(7)
terminates
immediately to the left of the display
( '--C' in figure).
'GLl' indicates
the position of
the prominent stain-excluding
region which appears
in the negative staining
pattern adjacent to the
C-telopeptide
after glutaraldehyde
treatment.
(b)
shows the summed distribution
(unsmoothed) of all
charged residues.
Each charged residue has been
allocated
a weighting, W = +l.
The black areas
show the contribution
to this histogram made by
lys, hyl and his residues only (where
glutaraldehyde
is presumed to react),
i.e. W1ys =
Whyl = Whis = +l.
Note how the greatest
concentration
of these residues coincides with the
position of 'GLl'.
(c) has been constructed
with
Warg =Wasp= Wglu = +l, and W1ys = Whyl = Whis =
-1, i.e. glutaraldehyde-reactive
residues have
been allocated
negative
weightings to simulate
stain exclusion by bulky polymeric complexes of
glutaraldehyde
at these sites.
This stain
exclusion would seem to account for the altered
position and appearance of the positive
staining
bands in this part of the pattern
(42).

-------gap-----·..,,

fl
GL2

...

I

·...···\

··......

D

ro

'-'

C

9

V)

2
u

X

"'
C

"§
(/)

I

a ._c-'1
__

1--.-.J
L......1
,
I
b..__--=.Dl:........_~a...::4'-,-7a-:-1
_ ___;_,.-.._:8i:2-.
_ _._:d;_~_..:,c2w

L---....1

100

Residue spacings 200
d

Figure 6a
Averaged microdensitometric
trace
from negatively
stained untreated
collagen (dotted
curve) together with the corresponding
trace from
glutaraldehyde-treated
collagen (full curve).
Peaks correspond to stain-excluding
regions in the
specimen.
The double arrows show the locations
of
the C- and N-terminal telepepti<les.
The single
arrows point to prominent stain-excluding
regions
in the gap zone.
~~
The smoothed distribution
of Jys,
hyl, his residues and a-amino groups along the
D-period, aligned with 6a.
(Adapted from 42).
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F'igure 7a
Difference electron density profile
between glutarnldehyde-treate<l
and untreated
tendons.
Peaks, including those marked GLl nnd
GL2, represent
increased electron density brought
about. by the introduction
of glutaraldehyde
cross- links.
.E.!8:!!U!....TI!The smoothed distribution
of Jys,
hyl, h.is residues
an<l a-amino groups shown for
comparison.
(Adapted from 42).
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Band-shifting
appears to result from
stain-inhibition
caused by the presence of large
fixative
polymers.
A similar effect is seen after
tannic acid fixation
which also introduces
additional
bulk into the specimen, but not after
formaldehyde treatment,
where the cross-links
are
considerably
smaller (34) The effects of the
additional
bulk can also be seen in negative
staining
patterns,
which, after certain
types of
fixation
(in particular
glut.araldehyde
or
glutaraldehyde-tannic
acid mixtures),
can be
drastically
altered.
Low angle X-ray diffraction
confirms that these effects
occur in the wet
specimens and are not a result of the dehydration
process.
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The polymeric nature of glutaraldehyde
and
tannic acid must be one of the main reasons for
their success as fixatives.
However, as we have
shown, the distribution
of mass in the specimen
can be significantly
altered
and the ability
to
take up stain is reduced.
These restrictions
may
not be important when the primary aim of fixation
is to stabilize
structures
for their localization
and identification
during routine ultrastructural
studies.
The effects
discussed will, however,
impose severe restraints
when high resolution
is
required,
not only in the study of proteins but
presumably in other biological
tissue as well.
Furthermore,
the results
may be of some importance
where techniques such as SEM or freeze-fracture
are used (18,49), since the altered mass
distributions
caused by fixation
are likely to be
accompanied by changes in surface morphology.
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